Background The cyclooxygenase-2 (COX-2) enzyme plays a major role in tumor progression and resistance to chemotherapy. A Phase-II study was undertaken to determine the activity of a dose attenuated schedule of irinotecan, capecitabine, and the COX-2 inhibitor celecoxib in patients with advanced colorectal cancer. Methods The eligibility criteria included a pathologically or cytologically conWrmed diagnosis of adenocarcinoma of the colon or rectum that was metastatic. Patients received a combination of irinotecan 70 mg/m 2 over 30 min I.V. on days 1 and 8, capecitabine 1,000 mg/m 2 twice per day orally on days 1-14, and celecoxib at a daily dose of 800 mg continuously. Cycles were repeated every 21 days. Results Fifty-one patients were enrolled (median age 58 years; M : F 31 : 20). The objective response rate was 21/51 = 41% [95% conWdence intervals (CI), 0.28-0.55]. The median time to progression was 7.7 months (95% CI, 6.2-8.6 months). Median survival time and probability of survival at 1 year were 21.2 months (95% CI, 13.8-n/a), and 75% (95% CI, 0.63-0.88), respectively. The major toxicity was Grade 3 or 4 diarrhea, seen in 24 and 10% of patients, respectively. There were no treatment related deaths. Conclusions The lower dose intensity of irinotecan appeared to maintain activity and improve tolerability when combined with capecitabine. The addition of celecoxib to irinotecan and capecitabine did not appear to signiWcantly increase the activity of this doublet based on the RECIST criteria for objective response.
Introduction
Colorectal cancer (CRC) is the second leading cause of cancer mortality in the United States resulting in 55,000 deaths per year [1] . The sequential introduction of the active agents irinotecan and oxaliplatin signiWcantly increased the survival of patients with CRC [2] . However, <50% of patients with metastatic disease are alive at 2 years. The improvement in the outcome of patients with CRC is dependent on the development of more eVective systemic therapies that incorporate, in addition to chemotherapy, agents with novel mechanisms of action.
The longer treatment times of modern therapies require the development of chemotherapy platforms that are simpler to administer with less acute and cumulative toxicities. Three randomized trials demonstrated improvements in response rate and survival in patients with CRC treated with irinotecan/5-Xourouracil (5-FU) doublets over 5-FU in metastatic CRC [3] [4] [5] . The irinotecan and infusional 5-FU (FOLFIRI) regimen oVered improved safety and eYcacy over the bolus 5-FU (IFL) based combination [6] . However, disadvantages of an infusional 5-FU regimen are the complications and discomfort associated with the necessary indwelling central venous catheter. Capecitabine is an oral Xuoropyrimidine with equivalent response rate and improved tolerability over bolus 5-FU [7, 8] . Several schedules of irinotecan and capecitabine have been reported. In phase-I trials, the maximal tolerated doses of weekly irinotecan and capecitabine were 70-150 and 2,000-2,500 mg/m 2 , respectively [9] . The cyclooxygenase (COX) enzymes catalyze the rate limiting step in the conversion of arachidonate to prostaglandin H2 (PGH2), the immediate substrate for prostaglandin, and thromboxane synthesis [10] . Prostaglandins play a critical role in carcinogenesis [11] , angioneogenesis, and chemoresistance [12] [13] [14] . Cyclooxygenase-2 (COX-2) therefore represents a very attractive target in the therapy of CRC. It is preferentially expressed in most CRCs as compared to adjacent normal epithelium [11, 15] . COX-2 expression is associated with variables such as angiogenesis [13] , inhibition of apoptosis [16, 17] , and invasion, which portend to a poor prognosis [15, 18] . In preclinical systems, its blockage has sensitized colon cancer cells to cytotoxic therapy [19, 20] , preliminary in vivo data exist for a biological activity of celecoxib in the interference of the natural history of CRC development [21] . Clinical trials suggested an improved safety proWle of celecoxib in comparison to non-selective COX inhibitors with respect to gastrointestinal and renal toxicity [22, 23] .
We therefore hypothesized that COX-2 inhibition by celecoxib would improve the outcome of patients with metastatic CRC treated with combination chemotherapy. We also hypothesized that a dose-attenuated schedule of weekly irinotecan and capecitabine would have improved tolerability and comparable eYcacy to conventional irinotecan/Xuoropyrimidine combination. In order to test these hypotheses, we identiWed two aims: (1) to evaluate the potential beneWt (response rate) of the addition of celecoxib to chemotherapy and (2) to evaluate the toxicity of the weekly low-dose irinotecan schedule with capecitabine.
Materials and methods

Patient eligibility
Patients with a histologic or cytologic diagnosis of colorectal adenocarcinoma and radiological evidence of metastatic disease were eligible. The eligibility criteria also included no previous chemotherapy for CRC except for patients relapsing more than 6 months after completion of adjuvant chemotherapy. Patients were required to have a Southwest Oncology Group (SWOG) performance status of 0-2, and adequate hematologic, renal and hepatic function deWned by the following parameters: neutrophil count ¸1,500 per mm³, platelet count ¸100,000 per mm³, creatinine ·1.5 mg/dl, total serum bilirubin ·1.5 mg/dl, and aspartate transaminase (AST) <3 times the upper limit of the institutional normal range (ULN). Patients were excluded if they had other active malignancy within the preceding year except for adequately treated basal cell, squamous cell skin cancer, or in situ cervical cancer. Additional exclusion criteria included active peptic ulcer disease within the preceding year, sulfa allergy, Gilbert's syndrome. All patients provided a signed informed consent in accordance with the Institutional Human Investigation Committee guidelines prior to enrolment on the study.
Study design and treatment plan
Irinotecan (Camptosar, PWzer Crop., New York, NY) was administered at a dose of 70 mg/m 2 intravenously over 30 min on days 1 and 8 of each treatment cycle. Capecitabine (Xeloda, HoVman-La Roche, Nutely, NJ) was given at a dose of 1,000 mg/m 2 orally twice per day on days 1-14. Celecoxib (Celebrex, PWzer Crop.) was administered orally at a dose of 400 mg twice per day. In order to achieve steady-state levels prior to initiation of chemotherapy, celecoxib was started on day 7. Celecoxib was continued until the end of study participation. Treatment cycles were repeated every 21 days. Compliance with celecoxib and capecitabine was monitored by pill counts and drug diaries.
Dose reductions were undertaken for irinotecan on day 8 and capecitabine at any time during the cycle based on the toxicity encountered within that cycle. Irinotecan was held for a neutrophil count of <1,000 per mm 3 or platelets <50,000 per mm 3 . No dose adjustments for capecitabine or celecoxib were performed for hematologic toxicity. The irinotecan dose was reduced by 25% for Grade 2 diarrhea on day 8. Capecitabine was held for Grade 2 diarrhea and/or Grade 2 or higher hand foot syndrome and restarted when toxicity was down to Grade 1. Irinotecan and capecitabine were held for Grade 3 or 4 non-hematologic toxicity until recovery to Grade 1 or lower.
A new cycle of therapy could only begin if the neutrophil count was ¸1,500 per mm 3 , platelet count waş 100,000 per mm 3 and all relevant non-hematological toxicities were Grade 1 or lower. Dose adjustments on day 1 of a new cycle were based on the worst grade of toxicity in the preceding cycle as follows: patients who sustained either febrile neutropenia or Grade 3 or 4 myelosuppression received irinotecan at a dose of 75% of the commencing dose of the previous cycle. For Grade 2 or 3 non-hematologic toxicities excluding alopecia, hand foot syndrome, nausea, or vomiting the doses of irinotecan and capecitabine were reduced by 25%. A 50% dose reduction of irinotecan and capecitabine was performed for Grade-4 nonhematologic toxicity. Only the capecitabine dose was adjusted for hand foot syndrome. A 25% dose reduction of capecitabine was performed for Grade 2 or 3 hand foot syndrome. Celecoxib was withheld for patients who developed peptic ulcer disease or a rise in serum creatinine level until recovery. The celecoxib dose was not adjusted for other toxicities. Once the dose of any drug was reduced during a treatment cycle, re-escalation was not permitted in subsequent cycles.
Patients requiring a delay in therapy of longer than 2 weeks or who required more than two dose reductions because of toxicities were removed from the study. In addition, patients were removed from the study for either disease progression or withdrawal of the consent.
On-study evaluation
Imaging studies were performed at baseline and repeated after every two cycles of therapy or whenever there was clinical or biochemical suspicion of disease progression. Objective tumor responses (primary endpoint) were determined by the RECIST criteria and categorized as complete response, partial response, disease progression, or stable disease [24] . Objective responses required one additional conWrmatory follow-up scan at least 3 weeks after the documentation of response. Response duration (RD) was measured from the start date of the best response until the date of progression. Overall survival (OS) was measured from study registration to date of death or last follow up. Time to progression (TTP) was measured from study registration to the date of Wrst documented progressive disease, or death. Time to treatment failure (TTF) was measured from study registration to the date of Wrst documented progressive disease, or date oV treatment due to toxicity, patient refusal of further treatment, or death, whichever occurred Wrst. Toxicities were evaluated at a minimum on day 1 of each cycle and graded according to National Cancer Institute Common Toxicity Criteria (NCI-CTC) Version 2.0 [25] .
Statistical methods
This two-institution phase-II trial was planned with a Simon two-stage design [26] . The particular design chosen had near-optimal Simon-like properties, and resulted from the Simon algorithm modiWcations of Hintze [27] . The primary endpoint was complete or partial response (CR + PR). Therefore, the null hypothesis was that the true, unknown response rate was 35% or less, and the alternative hypothesis (which would indicate a successful study) was that the true, unknown response rate was 55% or more. We wished to distinguish these regions of the true, unknown response rate: at most 0. Exact, minimum-width 90% conWdence intervals (CI) for response and toxicity rates were calculated using the Casella method [28] as implemented in StatXact software [29] . Standard Kaplan-Meier estimates of the censored RD, TTF, TTP, and OS distributions were computed. Due to the small sample sizes, survival statistics (e.g., median 1-year rate, etc.) were estimated more conservatively using linear interpolation [30] among successive event times on the Kaplan-Meier curves.
Results
Patient characteristics
Patients' characteristics are presented in Table 1 . Fifty-one patients from two institutions (WSU and UM) were enrolled onto the study between June 2002 and November 2005. The median age at study entry was 58 years (range 32-78 years) with proportionally more males (61%). Seventy-six percent of the patients had a performance status of 1 or 2. Eighty-eight percent of patients had liver metastases and 65% had metastasis involving more than one site.
Treatment administration
A total of 354 cycles were administered with a median of eight cycles per patient (range 0-18). Forty-Wve patients received two or more cycles of therapy. Two patients received less than one cycle of therapy for the following reasons: one patient developed uncontrolled hiccups and the other had a very rapid decline in performance status. Four patients received only one cycle of therapy for the following reasons: three patients developed severe diarrhea, and one patient was unable to take oral medication. Twenty-three (45%) patients required dose reduction of capecitabine and 21 (41%) patients required a dose reduction of irinotecan. The most common causes for dose reductions were diarrhea and hand foot syndrome. There were no treatment-related deaths.
Subsequent treatment
Three patients were lost to follow up with no information available regarding their subsequent treatment. One patient continues on the current treatment. Six patients had no subsequent treatment after being oV the study. Subsequent treatments included; oxaliplatin (36) , bevacizumab (23) , and cetuximab (11) . Twelve patients received three or more lines of therapy and four patients underwent surgery for resection and/or ablation of liver metastases.
Objective response
Two patients (4%) had complete response. Nineteen (37%) patients had a partial response and 19 patients had stable disease. The overall response rate (CR + PR) based on an intent to treat analysis was 41% (95% CI, 0.28-0.55). The median RD was 6.1 months (95% CI, 5.1-7.5 months).
Time to progression, time to treatment failure, and survival Analyses were performed on an intention to treat basis. The Kaplan-Meier estimate of TTP for the 51 patients is given in Fig. 1 . The median TTP was 7.7 months (95% CI, 6.2-8.6 months). The median time to treatment failure (which includes patients removed from study due to toxicity or patient request) was 5.9 months (95% CI, 4.4-7.0 months). Median survival time and probability of survival at 1 year were 21.2 months [95% CI, 13.8-not available months], and 75% (95% CI, 0.63-0.88), respectively. The Kaplan-Meier estimate of OS is given in Fig. 2 . Twenty-eight patients are still alive for a censoring rate of 55%.
Toxicity
All 51 patients began treatment and were evaluable for toxicity. The treatment was generally well tolerated in the outpatient setting. No treatment-related deaths were reported. Table 2 summarizes Grades 3 and 4 toxicities observed on the study. The most common toxicity was diarrhea. Grades 1 and 2 diarrhea were observed in 12 (24%) and 9 (18%) of patients, respectively. Grade 3 or 4 diarrhea was documented in 24 and 10% of patients, respectively. Grades 1 and 2 hand foot syndrome was observed in 11 (22%) and 7 (14%) of patients, respectively. Grade 3 or 4 hand foot syndrome was seen in 14 and 0% of patients, respectively. No Grade 3 or 4 thrombocytopenia or anemia was observed. Grade 3 neutropenia was present in 10% of the patients and no Grade-4 neutropenia was observed. Eleven (22%) patients were hospitalized for treatment related toxicity including: diarrhea (5), vomiting and dehydration (3), and infection (3). There were no cardiovascular complications potentially attributed to celecoxib, irinotecan, or capecitabine.
Discussion
Irinotecan-based combination therapy for advanced CRC oVers the following advantages: lack of major cumulative toxicities such as the neuropathy associated with prolonged oxaliplatin usage and the limitations of using oxaliplatin in an increasing number of patients with metastatic disease who have been exposed to the drug in the adjuvant setting. Randomized trials have demonstrated no signiWcant diVerence between infusional 5-FU combined with either irinotecan or oxaliplatin in advanced CRC [31, 32] . With the established activity of capecitabine in advanced disease its incorporation in combination therapies has also been studied. Two schedules of irinotecan and capecitabine have been reported. In the Wrst schedule irinotecan was administered every 3 weeks at a dose of 250-350 mg/m 2 [33] . Two randomized trials comparing this schedule with FOLFIRI have demonstrated inferior activity and increased toxicity of a capecitabine-based regimen [6, 34] . In the second schedule, irinotecan was administered weekly at a dose of 70-150 mg/m 2 with comparable activity to FOLFIRI [6, 9] . The major advantage of the weekly irinotecan regimen is the low incidence of hematological toxicity, with the absence of Grade-4 myelotoxicity. Therefore, weekly irinotecan and capecitabine should be especially considered in patients with CRC and an increased risk of myelotoxicity. This group includes patients who may be deWcient in uridine glucournosyl transferase (UGT), patients who had received prior radiation to the pelvic area, and patients who experienced prolonged myelosuppression with FOLFIRI regimen. Although no treatment-related morality was observed in this study, the incidence of Grade 3 (24%) and Grade 4 (10%) diarrhea was signiWcant. Fuchs et al. reported a randomized trial of capecitabine combined with weekly irinotecan (120 mg/m 2 ) or every 3 weeks irinotecan (300 or 350 mg/m 2 ) in previously treated metastatic CRC [6] . The incidence of Grade 3 or 4 diarrhea was signiWcantly higher in the weekly irinotecan arm (36% compared to 19%, P = 0.002). The incidence of Grades 3 and 4 myelotoxicity was similar in both arms of the study (29% in the weekly versus 34% in the every three-week schedule). Therefore, the current dose-attenuated schedule of irinotecan appears to oVer an improvement in myelotoxicity but no signiWcant impact on the incidence of Grade 3 or 4 diarrhea. The lack of treatment related major sepsis and/or mortality is probably explained in the disassociation between severe gastrointestinal toxicities from severe neutropenia. It is also likely that that a reduction in the dose of capecitabine to 1,500-1,750 mg/m 2 per day will improve the frequency of Grade 3 or 4 diarrhea.
In the present study, the triple combination therapy of irinotecan, capecitabine, and celecoxib resulted in a response rate of 41% and a median time of progression of 7.7 months in patients with metastatic CRC. These results are comparable to those previously reported with oxaliplatin or irinotecan-based combination chemotherapy regimens in advanced CRC [31, 32, 35, 36] . Moreover, the duration of the responses and of disease stabilization were Fig. 1 The Kaplan-Meier estimate of time to progression (TTP) in the 51 patients with metastatic colorectal cancer who were treated with irinotecan, capecitabine, and celecoxib. The dashed lines represent the 95% conWdence interval (CI) about each successive estimate of the progression-free rate. The median TTP was 7.7 months (95% CI, 6.2-8.6 months). The 6-month TTP rate was 65% (95% CI, 0.52-0.79). The 12-month TTP rate was 12% (95% CI, 0.02-0.21) within the range seen in most combination chemotherapy regimens. It is therefore unlikely that celecoxib contributed signiWcantly to the anti-tumor activity of this chemotherapy regimen based on response rate (the primary endpoint). The median 1-and 2-year survival rates of 21 months, 75 and 48%, respectively, indicate signiWcant activity of the chemotherapy regimen with <50% of patients with bevacizumab in the second-line setting.
Two recently reported randomized trials evaluated the role of celecoxib in patients with advanced CRC. In the Wrst trial, the addition of celecoxib to irinotecan-based chemotherapy resulted in an inferior response rate (26% vs. 46%) and median progression-free survival (6.9 months vs. 7.8 months). In the second trial, the addition of celecoxib to FOLFIRI/CAPIRI regimens had no apparent impact on response rate and progression-free survival.
This apparent lack of beneWt of a COX-2 inhibitor may not necessarily rule out COX-2 enzyme as a target for drug development in CRC for the following reasons. First, patients, who went on this study and the other randomized trials, were not selected on the basis of tumoral expression/ activity of COX-2 or any other related biomarker. Second, even in the face of a high COX-2 expression, other collateral survival pathways will require additional agents in combination with celecoxib for eVective blockade of survival pathways. Third, it is not known whether there is any pharmacokinetic interaction between celecoxib and either capecitabine or irinotecan. Finally, it is not known whether continued exposure to celecoxib inXuenced the expression of COX-2 in tumor cells and/or negatively altered the cell kinetics of tumor cells. For example, celecoxib can arrest cell cycle progression [37, 38] resulting in an antagonistic eVect to S-phase-speciWc chemotherapeutic agents such as capecitabine. An intermittent schedule of administration of celecoxib following chemotherapy, possibly at higher doses, could result in chemosensitization without cell cycle arrest. Such schedules could be evaluated in preclinical models of CRC.
In conclusion, the anti-tumor activity of irinotecan and capecitabine did not appear to be signiWcantly improved with concurrent administration of the COX-2 inhibitor celecoxib. Further, preclinical investigations are also needed to identify characteristics of CRC cell lines that could beneWt from inhibition of the COX-2 pathway. Development of predictive markers of COX-2 blockade would facilitate the design of trials in CRC for patients who would potentially beneWt from the addition of celecoxib to chemotherapy. The dose-attenuated schedule of weekly irinotecan (70 mg/ m 2 ) and capecitabine (2,000 mg/m 2 day) is active and has an improved safety proWle with respect to myelosuppression and lack of major sepsis or treatment related deaths. 
